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Combustion Zone Characterization of G02/GH2 Rocket Using Laser-Induced 
Fluorescence of OH. 
M. D. Moser and R. J. Santoro 
Propulsion Engineering Research Center 
and 
Department of Mechanical Engineering 
The Pennsylvania State University 
University Park, PA 16802 
With recent interest in gaslgas injectors for use in rocket combustors, there is a 
critical need for experiments that address this combustion process in terms of detailed 
flowfield measurements. Such measurements would also serve as a data base for 
validating computational fluid dynamic (CFD) computer codes. A series of studies have 
been undertaken at the Propulsion Engineering Research Center (PERC) at the 
Pennsylvania State University to measure various parameters such as velocity, species 
concentration , and temperature downstream of a shear coaxial injector in an optically 
accessible uni-element rocket chamber. Techniques applied to this study to date include 
the following: laser Doppler velocimetry (LDV) for velocity; laser light scattering (LLS) 
for flow visualization and estimating mixture fiaction and density; laser-induced 
fluorescence (LIF) of hydroxyl radicals (OH) to determine the characteristics and extent 
of the reaction zone; and Raman spectroscopy to measure major species concenbations 
and temperature. The results of the LIF studies are presented here. 
The OH molecule is a key intermediate in hydrocarbon and hydrogen combustion. 
High OH concentration, indicated by high fluorescence intensity, mark the location of the 
primary reaction zone where the oxidizer to fuel ratio is nearly stoichiometric. Two- 
dimensional imaging of LIF near the injector face provides a qualitative view of the 
reaction zone structure. Two-dimensional LIF was limited to qualitative measurements 
near the injector face due to poor signal to noise ratio with the present experimental setup. 
One-dimensional measurements of LIF, which provide a radial profile of relative 
OH concentration, have been made at several axial locations in the combustion channber. 
Results from multiple images, typically 120, have been averaged to yield average OH 
profiles at each axial location probed. Probability density hc t ions  (PDF) of OH peak 
widths and locations show that the reaction zone is thin near the injector face as expected 
and remains thin as the flow progresses downstream. Also, the increase in widths of the 
average OH peaks as the flow progresses downstream is due to movement of the thin 
reaction zone rather than an increase in individual OH peaks. This analysis indicates the 
flame is a wrinkled laminar flame front in the region probed. 
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Spatially Resolved Species Measurements in a G02/GWz Propllant Rocket 
M.J. Foust, T. Ni and R.J. Santoro 
Propulsion Engineering Research Center 
and 
Department of Mechanical Engineering 
The Pennsylvania State University 
University Park, PA 16802 
Statement of Problem 
Local species concentration and temperature are among the most important parmeters to 
characterize in a combustion system. However, the harsh environment in rocket chambers under hot-fire 
conditions limits the applicability of conventional probing methods for the acquisition of this infomation. 
Laser-based diagnostic methods show great promise for achieving this goal by providing instruntaneous 
images of species concentrations and temperature. 
Obiective of Work 
The objective of the current work is to develop a non-intrusive technique to experimentally 
determine the major species and temperature field in the combustion chamber of an uni-element rocket 
for a GO,/GH, propellant combination. 
Approach 
The experiments were conducted at the Cryogenic Combustion Laboratory at Pem State 
University. The uni-element rocket chamber used is modular in design and is easily configured to 
provide optical access along the chamber length. A shear coaxial injector was used to introduce 60, and 
GH, into the combustion chamber. The nominal flow rates of GO, and GH, are 0.1 lb/s and 0.025 Ibis, 
respectively, resulting in an O/F ratio of four. The experiments were for a chamber pressure of 190 psia. 
Onedimensional profiles of species concentrations and temperature were measured by using laser- 
induced spontaneous Raman spectroscopy. The Raman system consists of a flash pumped dye laser 
operating at 10 Hz and an intensified CCD camera. The dye laser has a typical pulse energy of 2 J at 
51 1 nm and a pulse duration of 5 ps. The Raman emission was detected at a right angle to the laser 
beam. A narrow band interference filter was placed in front of the camera to selectively measure the 
number density of the species. For each rocket firing, 50 single-shot Raman images and 50 background 
images were captured. By using different optical filters, Raman images of oxygen, hydrogen, water and 
nitrogen (used for window cooling) were obtained. Measurements were conducted at 1, 2, and 5 inch 
downstream of the injector face. The ratio of the signal to background level for hydrogen and oxygen 
Raman images at 1 inch downstream is about 10. Further downstream, the background luminosity 
increases significantly. Thus, the species concentration can only be determined from averagd W a r n  
images. The temperature protiles were calculated from averaged data of total species number demity 
using the ideal gas law. Since the Raman signal is stronger in lower temperature regions, the averaged 
temperature generally underestimates the temperature in regions where temperature fluctuate highly. 
Conclusions 
Single-shot and averaged profiles of species concentration have been measured under combusting 
conditions. These results demonstrate that the laser-based technique can be effectively applied for in-situ 
measurements in a rocket chamber. Experiments with an improved detection system for obtaining images 
of instantaneous and simultaneous multi-species concentration and temperature are underuvay. 
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Fluctuating Pressure Analysis of a 2 - 0  SSlME Nozzle Air Flow Test 
Darren Reed 
Induced Environments Branch 
NASA Marshall Space Flight Center, Huntsville, Alabama 35812 
Homero Hidalgo 
SSME Assurance Office 
NASA Marshall Space Flight Center, Huntsville, Alabama 35812 
Abstract 
To better understand the SSME startup/shutdown transients, an airflow test of a 2-D nozzle was 
conducted at MSFC's Trisonic wind tunnel. Photographic and other instrumentation show 
during a SSME start large nozzle shell distortions occur as the Mach disk is passing through the 
nozzle. During the earlier development of the SSME, this startup transient resulted in a low 
cycle fatigue failure of one of the LH2 feedlines. The 2-D SSME nozzle test was designed to 
measure the static and fluctuating pressure environment and color schlieren video during the 
startup and shutdown phases of the run profile. 
The model consisted of two identical blocks having the same inner contour of the SSME nozzle. 
The sides of the nozzle were made of glass for schlieren photography. The upper block was 
instrumented for static pressure measurements. The lower block was instrumented with thirteen 
Entron fluctuating pressure transducers. Steady state and slow sweep flows were tested for three 
back pressure conditions (0.5-2.0 psi, 7 psi, 14 psi.) The static pressure data was acquired by a 
scanning pressure system. The fluctuating pressure data was recorded onto a VHS analog tape 
recorder. The video, static pressure, and fluctuating pressure data were time synchronized for 
data correlation. 
The shlieren video clearly shows a lambda (A) shock foot moving down the throat during the 
slow sweep. The fluctuating pressure RMS time histories show the levels increase as the 
downstream foot of the lambda shock approaches. When the shock foot is directly above the 
transducer, levels decrease about 50%. When the upstream leg of the lambda shock approaches 
the transducer the level quickly jumps up to twice the downstream leg values. After the upstrem 
leg of the lambda shock passes the transducer, the level falls down to the noise floor of the 
measurement. 
Schlieren video, model configuration, fluctuating pressure time histories, power spectrum 
densities of the test will be shown. Future 2-D nozzle tests and plans for a 3-D nozzle facility 
will be addressed. 
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EXPERIMENTAL INVESTIGATION OF THE EFFECTS OF ACCELERATION ON 
HEAT TRANSFER IN THE TURBULENT BOUNDARY LAYER 
Walid M. Chakroun 
and 
Robert P. Taylor 
Department of Mechanical Engineering 
Mississippi State University 
Mississippi State, MS 39762 
Abstract 
Rocket propulsion system components such as turbines/pumps and nozzles often have 
aerodynamically-rough surfaces or surfaces which become rough during operation. Also, these 
surfaces are often in regions of accelerating flow. The interaction between surface roughness and 
acceleration is complicated and not predicted by a simple superposition of flat-plate rough-wall 
correlations and smooth-wall acceleration effects. 
For the smooth wall, acceleration causes a decrease in the Stanton number when compared 
with equivalent unaccelerated flow. When the acceleration is strong enough, the turbulent 
boundary-layer heat transfer rates will approach those of a laminar flow and the boundary layer 
is said to have relaminarized. Under proper conditions, rough-wall accelerated flow can have the 
opposite behavior with increasing Stanton numbers and hence much larger heat transfer rates. 
The objective of this research was to experimentally investigate the combined effects of 
freestream acceleration and surface roughness on heat transfer and fluid flow in the turbulent 
boundary layer. The experiments included a variety of flow conditions ranging from 
aerodynamically-smooth to transitionally-rough to fully-rough boundary layers with accelerations 
ranging from moderate to moderately strong. The test surfaces used were a smooth-wall test 
surface and two rough-wall test surfaces which were roughened with 1.27 mm diameter 
hemispheres spaced 2 and 4 base diameters apart in a staggered array. The experiments were 
conducted in the Turbulent Heat Transfer Test Facility in the mechanical engineering laboratories 
State University. The measurements consisted of Stanton number distributions, 
ture profiles, skin-friction distributions, mean-velocity profiles, turbulence-intensity 
profiles, and Reynolds-stress profiles. 
The Stanton numbers for the rough-wall experiments increased with acceleration. For 
aerodynamically-smooth and transitionally-rough boundary layers, the effect of the roughness is 
not seen immediately at the beginning of the accelerated region as it is for fully-rough boundary 
layers; however, as the boundary layer thins under acceleration, the surface becomes relatively 
rougher resulting in a sharp increase in Stanton number. 





c 
m- 
+ L  m O a k  0 
+-- 
V ) +  
m a r  f==c 
+ r m  - o + 
* m 
6 -  
4-J 
a- 
0 
a >  rn 8 
+ W L   r  E 
CIS m 0 a  
a,a,C 
I 
I - C  3 
O r  - 
+ 
a  
0 
c a  
% c r  L 0;
+ 8 - .II)... 
CIS 1111 - 
O O Q ,  
'4- 
m '=+=- 
r 
0 m CIS ,,c 
a  r g =  > S F  m 
6 -  r -  
.111. 
3 0 ~ s  L... L 
a 0 c 
Y O L  
11111 
111 6> 
m m z  
> m ~  
CIS a 
+ 
r  E s  + L  a o c  
a m 3  a+-- 0 
E ge  .- I3 
a- 
L+='3 
a 0  
+ C L  
a m +  Y) .- I 
a a , a  a , o >  111 
x F c  > r -  
w + +  6 m 3  -- L- '4- 
m 
c a, V) L 0 .- 
- Q 
L s 
a, 0 
3 
E I i L  C.r 
I 0 a, 0 rn Q 0 L m .- V) s 
C ' l  t' E - CIS C.r II: 
31 CIS .- IZ 
t' 0 a, 
.- IZ a d 
3 
3 CIS L r a 
- >. CC a, m L a, 0 i-' L 
s C.r .- 0 a, i!!? 3 0 c v, s 0 v, v, CIS a,? CU 3 -
C' a, a, .- 
c a a Y 
E 
L 
6 a, 0 E r 0 V, 
E 
.- 
.- CC 3 a O I Z  + E Z a + a, -.- 
L a, 
L r: a, 0 a, i-' N v, s L 
> a, .- V) = L E Q CU 
-
3 > CIS F a ,  
- C' L a, 5- 5- IZ a, a, 0 
L CIS h " E CI 
L 
s 
m a, a a, 0 3 .co u -TS t' u 3 6 
- c a, a v , .  12 31 3 V) L 0 CIS 0 -v Q a ,  3 a o a C' + 
Z1 S Q - ? E 3 0 >. 0 0 0 CU v, CU c - b 0 'F; 
-
C.r 3 : 0, CIS m a ,  I 0  
u a, a, - I u 
6 3 =- E 
IZ 0 a +-' a, 
.- 
a + a -  0 a, .- 
X 0) 3 0 C . l  : G C I S  c > CIS yj : E - 
- a, 0 a, 
a, - 0 tl C.r 0 C.r L L  IIC: K cn rn .- s % c 



ill 7 I I 
















Computational and Experimental Efforts 
in Gravity Probe B Microthruster Analysis 
Gravity Probe B, an experiment to test the theory of relativity, will be 
launched near the turn of th,e millennium. Due to the precise pointing 
requirements needed to successfully carry out this experiment, the satellite 
will use sixteen proportionally con trolled micro thrus ters as a main 
component of the attitude control system. These microthrusters use the 
helium boil-off from the on-board dewar as propellant. 
Marshall Space Flight Center, overseeing the project, verified the design of 
the thruster flow path by both computational and experimental methods. 
The flow performance of the thruster has been adequately characterized. 
Graphs show specific impulse, thrust coefficient, discharge coefficient, and 
mass flow rate trends. Value was added to the program through gained 
confidence in the design of the thruster and through evaluation of some 
design trade-offs. 
This work may be valuable in the future due to the possible need of small 
thrusters on spacecraft that have precise pointing requirements. 

National Aeronautics and 
Space Administration 
Computational Fluid Dynamics Branch Computational and Experimental Ef f arts Fluid Dynamic- Division 
in GPB Microthruster Analysis Structures and Dynamics Laboratory George C. Marshall Space Flight Center 
Gravity Probe B (GPB) 
- A satellite borne relativity experiment 
- Requires precise pointing control and acceleration free 
environment to be provided by attitude control system 
Microthrusters 
- Helium gas from dewar boiloff used as propellant 
- Sixteen microthrusters on spacecraft; used for orbit trim, spin-up, 
spin-down, and attitude control 
- Concerns about mission lifetime and control saturation 

Computational Fluid Dynamics Branch Computational and Experimental Ef f arts Fluid Dynamics Division 
in GPB Microthruster Analysis Structures and Dynamics Laboratory National Aeronautics and George C. Marshall Space Flight Center 
Space Administration 
Method 
Direct Simulation Monte Carlo 
(DSMC): 
Limits on areas of application 
Slow - not useful for large 
parametric studies 
Works well for low Reynolds 
number flows, costly to use 
for higher Reynolds number 
flows 
Gives good characterization of the 
flowfield 
Experiment: 
Covers all of the flowfield 
Very fast once hardware is in place 
useful for parametric studies, 
useful for assessment of 
configuration change 
Possible data scatter at low 
Reynolds numbers, but 
works well for higher 
Reynolds number flows 

National Aeronautics and 
Space Administration 
Computational Fluid Dynamics Branch Computational and Experimental Ef f arts Huid Dynamics Division 
in GPB Microthruster Analysis Structures and Dynamics Laboratory George C. Marshall Space Flight Center 
Results 
Requirements: 
- Thrust 2 8 mN at Pinlet 2 9.7torr and mass flow 1 1.52E-05 lbm/s 
- Thrust 50.05 mN at Pinlet 5 12.5 torr and mass flow 19.48E-07 lbm/s 
- Thrust 2 2.55 mN at Pin,,, 2 4.2 torr and mass flow 5 4.85E-06 lbm/s 
4 
4 
\O Microthruster Characterization 
- Thrust 
- I SP 
Added Value 
- Conical Nozzle vs. Sharp Edged Orifice 
- Analysis of change in piston and valve seat design 
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Computational Fluid Dynamics Branch Computational and Experimental Ef f arts Fluid Dynamics Division 
in GPB Microthruster Analysis Structures and Dynamics Laboratory National Aeronautics and George C. Marshall Space Flight Center 
Space Administration 
Typical Grid for MSK A2 Nozzle 
Note: Grids are not 
on the same scale 
Flow Direction 
Grid / Geometry 
for Flight Nozzle 







Subject: A parametric study of a plug nozzle, using the Liquid Propellant Program (LPP) Code 
By: Stuart S Dunn, Douglas E Coats, Software and Engineering Associates, Inc. 
, 
Abstract 
The Liquid Propellant Progratn (LPP) cornputer code is a super-set of the industry 
standard Two Dilnensional Kinetics (TDK) computer code, which has bccn developed by 
Softwa~e and Engi A, Inc.) over the past twelve years. The TDK 
J- 
code uses a Two-Dimensional Method of Characteristics solution with fully coupled finite rare 
kinetics for axially synunetric nozzles. The chemical reactions are modeled with a generalized 
reaction package that includes 3rd body efficiencies and four reaction rate for~iis. The code 
performs optional solutions for frozen or equilibrium flow. TDK evaluates discrete shocks, both 
attached or induced. The Transonic module models variable mixture ratio profiles from the 
combustion chamber injector. The Mass Addition Boundary Layer module (MAEL) caBculates 
the boundary pararneters with the same chemistry options, and includes transpiration or tangential 
slot injection of gas at the wall. 
The LPP upgrades include: planar nozzles, scarfed nozzles, plug nozzles, and scra~njet 
nozzle configurations. The code evaiuates both upper and lower wall flow simulation, and 
includes the interaction with rhe external flow. The MABL module evaluates equilibrium 
radiation heat transfer for both upper and lower walls. In addition, the I,PP code models 
co~nbustion effects due to injector inefficiencies with the Spray Coinbustion Analysis Prograln 
(SCAP) nlodule. The LPP package provides extensive post plotting capabilities for flow 
visualization. The LPP is sufficiently fast and robust to provide performance predictions for 
extensive parametric studies and sufficiently accurate to provide flow field and perfor~i~ance 
solutio~is for detailed studies. 
The evaluation of a planar or axially symmetric plug nozzle has received recent interest 
due to the SSTO studies. The LPP code allows easy modeling of a plug nozzle configuration, 
since the user is allowed to input an arbitrary inner and outer wall geometry (referred to as the 
plug and the cowl). The transonic analysis models both planar or a~ially symmetric anilular 
flow, including straited and variable mixture ratio profiles. When the interrial flow reaches the 
exit of the outer wall, a Prandtl-Meyer fan allows the flow to expand to the external pressure. 
At this point, a pressure boundary condition is applied for either quiescent sub-sonic, or super- 
sonic external flow. The MABL analyses is subsequently performed to evaluate the boundary 
layer losses for hoth the inner and outer walls. Following JANNAF standard procedu~.es, she 
characteristic analysis is autoinatjcally repeated with the boundar). layer co~npensated wall 
geornetry. 
The above procedure was employed to parameirically evaiuate the performance of several 
plug nozzle configurations at different flight co~ditions. The altitude compensating effects are 
evaluated and related to ideal conventional nozzle perfortnance. An optimization technique is 
presented, which includes chemistry, divergence, and boundary layer effects. Graphical output 
includes flow field contours, and wall property profiles. 
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GFD ANALYSIS OF MODULAR THRUSTERS PERFORMANCE 
Ronald J. Ungewitter, James Beck, Andrew Ketchum 
Rocketdyne Division, Rockwell International 
Mail Code IB39, 6633 Canoga Avenue 
Canoga Park, CA 91 303 
The effective performance of modular thrusters in an aerospike configuration is 
difficult to determine. Standard analytical tools are applicable to conventional nozzle 
shapes, but are limited when applied to an aerospike nozzle (An aerospike nozzle is 
an altitude compensating external nozzle). Three baseline nozzle shapes are derived 
using standard analytical procedures. The baseline nozzles sizes are restricted to fill 
a volume envelope. The three shapes are an axi-symmetric round nozzle, a 2D planar 
square exit nozzle, and a super elliptic round to nearly square nozzle. The integrated 
(thruster Iaerospike) performance of the three nozzles is determined through the use of 
3-D viscous CFD calculations where complex features of the flowfield can be 
accurately captured. The resulting installed performance is then used to evaluate the 
efficiency of these nozzle shapes for aerospike applications. 
The determination of effective performance of a thruster nozzle integrated into 
an aerospike nozzle requires the solution of the three dimensional turbulent Navier- 
Stokes equations. The model used in this study consisted of two zones; one of the 
upstream thruster cowl surface so freestream conditions can be accurately predicted, 
and two, the aerospike surface beginning with with thruster outflow and extending to 
the end of the aerospike surface. The numerical grid consisted of over 120,000 nodes 
and used symmetry on the thruster centerline and edge. A two species non-reacting 
chemistry model was used to capture the variation of fluid properties between the hot 
plume gas and freestream air. 
From the results of the three baseline nozzle aerospike calculations, the 
effective performance of the nozzle was determined. The flowfield of these 
calculations do show some variation between the cases. Recirculation zones on the 
cowl surface is predicted for the 2D planar nozzle and a smaller one for the super 
elliptic nozzle. The recirculation is caused by the strong pressure gradient between 
the plume and freestream flows. The axi-symmetric nozzle results indicates 
recirculation zones on the thruster face. These recirculation zones smooth the 
pressure gradient between the plume and freestream flow limiting the formation of 
recirculation on the cowl surface. Thruster to thruster interaction is evident for the axi- 
symmetric and super elliptic calculation while the 2D planar nozzle did not have any 
lateral expansion in the nozzle so thruster to thruster interaction is limited. The 
integrated performance results, at the altitude choosen, shows very little variation 
between the three thruster shapes. This result allows for nozzle shape determinalion 
to based on additional considerations (thermal, structural, weight) besides 
performance. 
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PROPELLANT CHEMISTRY FOR CFD APPLICATIONS 
R.C. Farmer, P.G. Anderson, Gary C. Cheng 
SECA, Inc. 
Huntsville, AL 
Current concepts for Reusable Launch Vehicle design have created renewed interest in 
the use of RP-1 fuels for high pressure and tri-propellant propulsion systems. Such designs 
require the use of analytical methodology which accurately accounts for the effects of red fluid 
properties, combustion of large hydrocarbon fuel molecules, and the possibiliv of soor 
formation. These effects are inadequately treated in current computational fluid dynamics (CFD) 
codes which are used for propulsion system analyses. 
The objective of this investigation is to provide an accurate analytical descriplion of 
hydrocarbon combustion thermodynamics and kinetics which is sufficiently computahondly 
efficient to be practical design tool when used with CFD codes such as the FDNS code. 
A rigorous description of real fluid properties for RP-1 and its combustion products will 
be derived from the literature and from experiments conducted in this investigation. Upon the 
establishment of such a description, the fluid description will be simplified by using the 
minimum of empiricism necessary to maintain accurate combustion analyses and including such 
empirical models into an appropriate CFD code. An additional benefit from this approach is that 
the real fluid properties analysis simplifies the introduction of the effects of droplet sprays into 
the combustion model. 
Typical species compositions of RP-1 have been identified, surrogate fuels have been 
established for analyses, and combustion and sooting reaction kinetics models have been 
developed. Methods for predicting the necessary real fluid properties have been developed and 
essential experiments have have been designed. Verification studies are in progress, and 
preliminary results from these studies will be presented. The approach has been determined to 
be feasible, and upon its completion the required methodology for accurate performance and heat 
transfer CFD analyses for high pressure, tripropellant propulsion systems will be available. 

@ RP-1 combustion model wlsoot formation 
@ Verify model wldata from literature 
@ Verify model wlnew test data 
@ Describe real fluid thermodynamic properties 
@ Add real fluid NC properties to CHCM 
@ Real fluid single element model 
Real fluid HC, N,, and O2 
Real fluid tri-propellant 
Additional turbulence models 
@ Account for radiation 
@ hsemble elements to make injector model 
RP-1 is a straight run kerosene fraction which is subjected to acid washing and sulfur 
dioxide exmerion. The mean molecular weight is about 174, and the H/C ratio is about 1.9. 
This implies that RP-1 is a multicomponent hydrocarbon fuel without a specified species 
dist~bution. 
Distillation Curve for RP-1 
0 10 20 30 40 50 60 70 80 90 100 
VOLUME PERCENT DISI*ILLED 


M,, = 173.9 
H/C = 1.922 
Note: Critical pressure for RP-1 is 340 psia, 
and critical temperature is 679°K. 
USTION PROPERTIES 
HEAT OF COlMBUSTION 
HOC = -18640 (Btullbm) = -10.346 (kcallgm) 
HEAT OF VAPORIZATION 
HOV = 106 (Btullbm) 
HEAT OF FORNIATION @OF) 
To determine a HOF for mixtures, an effective molecular formula must be specified and 
used to evaluate the HOF. Frequently, an arbitrary molecular weight of 100 gms is assumed 
for a basis for thermodynamic calculations. 
* Weight percentage composition of combustion products 
Generalized Combustion Kinetics Model 
= ZNTERMEDLATES 
FORMATION 
OXIDATIVE 
ALZPHA TICS 
AROMAZCS 
OXIDATION 
FORMATION 
ELEMENTARY 
COMPLETION 
Soot Mod4 
Initial Polycyclic Aromatic Hydrocarbon (P 
@ Pyrolysis and combustion of fuel to form benzene and acetylene 
Implicit finite-rate chemistry 
Planar P Growth 
@ HACA 
@ Hydrogen abstraction, carbon addition (through reactions with 
acetylene) 
E 
a @ Oxidation 
@ Implicit finite-rate chemistry using reactions from Frenklach, et a1 
@ Properties for PAH compounds 
Benson's group contribution method to obtain C, for ideal gases 
@ Benson data in tabular form for 300K < T < 1500K 
@ Used CEC data for selected species to generate group contributions 
as functions of temperature for 300K < T < 5000K 
@ Generated needed C, data in CEC format 
@ So2,, corrected for symmetry and optical isomers using Benson's 
data. 
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Elementary Reactions 
Wet CO Mechanism 
H, + 0, = OM + OM 
OH + H, = H,O + H  
OH + OH = 0 + H,O 
O + H , = H + O H  
H + O , = O + O H  
M + O + H = O H + M  
M + O + O = O , + M  
M + H + H = H , + M  
M + H + O H = H , O + M  
CO + OH = H  + CO, 
CO + 0, = co, + 0 
C O + O + M = C O , + M  

hyprodermie t u b  
0.1 25 silica fiber 
1.5 mm fuel droplet 
High Apparatus for the 
Measuement of Single Droplet Combustion 
Photograph of Burning Droplets (n-heptane in air). 
0 
AMBIENT 
n-HEPTANE- AIR 
nd =I0 
md = 0.87 mg 
Effect of Pnaarnc: (a) n-heptanc; (b) ndodcurne. 
- PREDICTION 
A PURE TOLUENE DATA [3-71 
0 87.512.5 BLEND DATA [3-71 
62.5137.5 BLEND DATA [3-71 
100% I SO-OCTANE 
1 . 2  1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 
EQUIVALENCE RATIO 
Comparison Of Quasiglobal Model Prediction Of Soot Emissions 
With Experimental Data For Toluene And Toluene/Iso-Octane 
Blends. computation: Well-Stirred Reactor; Experiment: 
Jet-S tired Combustor. 
@ 100% To1 uene 
@ 80% To1 uene 20% Methylnaphthal ene 
+ 60% To1 uene 403 Methylnaphthal ene 
100% Methylnaphthalene 
EQUIVALENCE RATIO, 
JSC Soot Emissions For Toluene/Methylnaphthalene Blends; 
T = 1900K; 7 = 3 ms. 
I @ Isooctane (Spray) 
a Toluene (Spray) 
- - -  
Equivalence Ratio 4 
Dependence Of Soot Concentration On Equivalence Ratio; 
Ratio; Atomization Air = 15 g/min/nozzle; Indicated 
Temperature = 1900 f 35K. 
Photograph of the  e x i t  flow a t  an e x i t  pressure of 2 atm. Region 1 is the undisturbed cone, 
region 2 is  the  Prandt l -kyer  expansion zone, and region 3 is  the  mixing zone. The 
spectrometer l i n e  of s i gh t  i s  indicated by a dotted l i ne .  




Rayleigh Theory for Small Particles 
K,(cm") = KA pc = linear absorption coefficient 
~,(cm*/gm) = mass absorption coefficient 
p, (gmlcc of volume) = soot density 
p, (gmlcc of soot) = bulk soot density 







Physical-thermo-chemical properties of kerosene/RP- 1. 
E 5 
LI) CU 


Comparison of thenno-chenlical characterization of model fuel with reported data. 

Mixture Ratio (~x id izer l~ue l )  
Fig. 1 Calculated chamber gas composition. 
87 1 
Mixture Ratio (OxidizerIFuel) 
Fig. 2 Calculated nozzle exit gas composition. 
.6 2.0 2.4 2.8 3.2 3.6 4.0 4.4 
Mixture ~ a t i o  (~x id i ze r l~ue l )  
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Application of Optimization Techniques to Design 
of Unconventional Rocket Nozzle Configurations 
W. Follett, A. Ketchurn, A. Darian, Y. Hsu I* i' , 
Rocketdyne Division, Rockwell International, Ganoga Park, California 
Abstract 
Several current rocket engine concepts such as the bell-annular tripropellant engine, and the 
linear aerospike being proposed for the X-33, require unconventional 'three-dimensional 
rocket nozzles which must conform to rectangular or sector shaped envelopes to meet 
integration constraints. These types of nozzles exist outside the current experience database, 
therefore, application of efficient design methods for these propulsion concepts is critical to 
the success of launch vehicle programs. 
The objective of this work is to optimize several different nozzle configurations, including 2-D 
and 3-D geometries. Methodology includes coupling CFD analysis to genetic algorithms and 
Taguchi methods, as well as implementation of a streamline tracing technique. Results of 
applications are shown for several geometry classes including: 3-D thruster nozzles with 
round or superelliptic throats and rectangular exits, 2-0 and 3-D thrusters installed within a 
bell nozzle, and 3-D thrusters with round throats and sector shaped exits. 
Due to the novel designs considered for this study, there is little experience base which can 
be used to guide the effort and limit the design space. With a nearly infinite parameter space 
search the entire design space 
this reason, robust and efficient 
design space to achieve high 
applications of various 
two-dimensional CFD coupled to Taguchi methods to determine optimal 
design parameters for the D-1 test engine being built for the SSTO Advanced Propulsion 
Technology contract. The D-1 engine utilizes a ring of small thrusters within a larger bell 
nozzle. This study was used to determine the optimal value of four design variables to 
achieve the best overall performance during both low altitude (thrusters firing) and high 
altitude (thrusters not firing) operational modes. Two other case studies investigate the 
problem of using multidisciplinary techniques to optimize a 3-D thruster design with both 
genetic algorithms and Taguchi methods. The relative strengths and weaknesses of these 
two methods are apparent when using them to solve this problem using up to 21 design 
variables. This thruster is also designed using streamline tracing techniques for the fourth 
case study. 
The final study uses Taguchi methods to determine the optimal 3-0 thruster module design 
when installed in a bell nozzle. This requires full 3-D solutions of the thruster and bell nozzles 
to quantify module-to-module interaction effects. 
Software which couples dptimization techniques to CFD have tremendous potential as 
aerodynamic design tools. However, to function effectively in the engineering environment, 
the optimization algorithms must be robust and efficent. Several optimization techniques 
have been demonstrated for rocket nozzle design, and their performance on these real world 
applications has been assessed. 
879 



2-D BELL-ANNULAR D-I TEST ENG NE DES GN STUDY 
OBJECTIVE 
MAXIMIZE AVERAGE THRUST, ISP FOR 
THRUSTER ON AND THRUSTER OFF SSME Contour ---, 
OPTIMIZATION METHOD 
TAGUCHI L9 MATRIX 
4 DESIGN VARIABLES 
20 2-43 CFD EVALUATIONS 
IMPROVEMENT OVER BASELINE 
1.2% IN THRUST & ISP 
1-D Inflow Profile (Mode 1) 
Solid Wall (Mode 2) 7 
. - . . - .  
Local pressure used for Pcore when 
PtclPcore ratio (Ptc is 1-D thrust cell pressure) 
Pressure (deita=15psi) 
- 2-D Inflow Profile ' Shaded Area is Computational Domain 
CFD 95.016- 4 i l B ~ ~ l r d h  
3-D THRUST CELL OPT 
@ 0BJEC"B"VE 
MAXIMIZE: THRUST(THRUSTER ONLY) 
MINIMIZE PEAK HEAT LOAD 
@OPTIMlZATIION METHODS 
* TAGUCHI L32 & L64 MATRICES 
* GENETIC ALGORITHM 
* 15-21 DESIGN VARIABLES 
@ 3-0 MOC EVALUATIONS 
* 460 FOR TAGUCHI 
00 
WJ 
&. 
* 1000 FOR GENETIC 
IMPROVEMENT OVER BASELINE 
* 4.6% IN THRUST 1 WEIGHT 
Thrust Cell faguchi Optimum 
Mach Number Gsntsurs 
Mach Number Minimum = 1.0 Mach Number Minimum = 3.0 
Mach Number Maximum = 4.0 Mach Number Maxlmum = 4.0 
Min Mach Number Max 
%@ R Aemspace 
Rocketdyne 
CONVERGENCE HISTORIES 
CFD 9501% 5 n B ~ I s d h  

3-D STREAML NG METHOD 
OBJECTIVE X 
MAXIMIZE THRUST, ISP FOR STAND- 
ALONE THRUSTER 
. . - - . . . - - . . . - - . . . - - . . . - - . . . - - . . . - - . . . - - . . . 
DESIGN METHOD 
STREAMLINE TRACING 
RAO OPTIMUM NOZZLE-MODEL ORIGINAL NOZZLE CONTOUR INSCRIBED EXIT SHAPE 
FLOWFIELD 
00 
00 
THREE 2-D MOC EVALUATIONS 
e\ 
PERFORMANCE 
0.15% LESS ISP THAN TAGUCHI & G.A. 
OPTIMUMS 
ORIGINAL THROAT SHAPE 
DERIVED THROAT SHAPE '/ 
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Rocketdyne 
&iW 
CFD 95.016- 7llBhVWWFIsdh 
- u 2: 
2zs  $%z 
~ 3 5  
m e .  
z 
(3 
Ill 
0 
V) 
E 
Ill 
Transonic Aerodynamic Characteristics of A Proposed 
Wing Body Reusable Launch Vehicle Concept 
Anthony M. Springer 
NASA Marshall Space Flight Center 
A proposed wing body reusable launch vehicle was tested in the NASA Marshall Spac 
Center 14x14-inch trisonic wind tunnel during the winter of 1994. This test resu 
vehicle's subsonic and transonic, Mach 0.3 to 1.96, longitudinal and lateral aerodynamic 
characteristics. The effects of control surface deflections on the basic vehicles aerodynamics 
including a body flap, elevons, ailerons, and tip fins are presented. 
As an outcome of NASA's 1993 Access to Space study, a more in-depth follow on study was 
undertaken. Three candidate reusable launch vehicle configurations which would provide 
reusable single stage to orbit capability were selected. A wing body configuration was one of 
these candidate concepts, the other two concepts being a vertical lander and a lifting body. The 
wing body configuration was a direct outgrowth of the access to space option three reference 
single stage to orbit rocket vehicle. This vehicle matured during the subsequent reusable launch 
vehicle (RLV) study into the vehicle which was tested. Initially, the vehicles aerodynamic 
characteristics were determined using aerodynamic prediction codes. To obtain a better fidelity 
in the aerodynamic data, a series of scale models of the proposed wing body vehicle were tested 
at the NASA Marshall Space Flight Center (MSFC) and the NASA Langley Research Center 
-(LaRC). The vehicle was tested at low subsonic and hypersonic conditions atLaRC and at 
subsonic transonic, and supersonic conditions at MSFC. The results of the transonic testing in 
14-Inch Trisonic Wind Tunnel (TWT) facility are presented herein. 
A .004 scale RLV wind tunnel model was tested during the winter of 1994 at the NASA Marshall 
Space Flight Center 14x14-inch trisonic wind tunnel (TWT). The subsonic and transonic, 
Mach 0.3 to Mach 2.0, aerodynamic characteristics of the WB001 reference wing-body vehicle 
were determined. This wind tunnel test provided aerodynamic data for the basic vehicle, wing 
and body contributions, and control surface increments. The data derived from this test were 
used to construct an aerodynamic database for flight mechanics and structural loads studies on 
the wing body vehicle. 
The WBOOl vehicle is generically a wing-body combination. The body consists of a drooped nose 
followed by a cylindrical core section 28.55 ft in diameter, full scale, with a total body length 
of 185.6 ft, full scale. The wing is a NACA-0010 airfoil at the root linearly varying to a NACA- 
0012 airfoil at the tip with a 54 degree leading edge sweep, 3.5 degrees of dihedral, and an 
aspect ratio of 1.91. Control surfaces for this configuration consist of ailerons, elevons and tip 
fins. 
The vehicle is longitudinally stable and can be trimmed at both subsonic and transonic Mach 
numbers. This assumes a vehicle center of gravity at 68.6% body length or 127.32 feet aft of 
the nose. At subsonic Mach numbers, the vehicle is stable in trim for all control deflections. 
The vehicle for the subsonic Mach range can be trimmed at the desired angle-of-attack for 
entry, approximately 15 degrees. This trim angle is accomplished through various control 
surface deflections, see figure 84. The vehicle for the transonic Mach range, Mach 0:95 to 2.0, 
has stable trim points but not at the desired angle-of-attack, approximately 15 degrees angle- 
of-attack. It can be extrapolated from the current data trends that for a larger elevon deflection 
between 20 and 30 degrees, the vehicle will be neutrally stable at the desired trim point of 15 
degrees. 
The WB001 vehicle is laterally unstable for the subsonic and transonic Mach range. The lip fin 
deflections provide a trim angle range of approximately 1 to 2 degrees, therefore, larger tip 
fins and deflectable surfaces are desirable. Enlarging the tip fins by an approximate geometric 
factor of 3 to 4 should result in the vehicle being neutrally stable. 
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Ascent Aerodynamic Pressure Distributions on WBOOl 
B. Vu, J. Ruf, F. Canabal 
CFD Branch 
J. Brunty 
System Load Branch 
To support the reusable launch vehicle concept study, the aerodynamic data 
and surface pressure for WBOOl were predicted using three CFD codes at 
several flow conditions during the ascent phase. The results have been 
compared be tween code to code and code to aerodynamic database as well as 
available experimental data. A set of particular solutions have been selected 
and recommended for use in preliminary conceptual designs. These CFD 
results have also been provided to the structure group for wing loading 
analyses. 

Computational Fluid Dynamics Branch 
National Aeronautics and 
Space Administration 
RLV Concept Study Review Fluid Dynamics Division Structures and Dynamics Laboratory 
I - George C. Marshall Space Flight Center 
@ Objectives 
@ Codes employed 
@ Cases considered 
@ Results and discussions 
@ Structural analyses 
@ Conclusions 
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Surface Pressure and Centerline Mach Contours 
tL/f=5.72 & AOA =6deg. (GASP Solt?) 
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Assessment of Lifting Body Linear Aerospike Plume Effects 
on Vehicle Aerodynamics 
Joseph H Ruf MSFC/ED32 
Alonzo L. Frost MSFC/ED34 
Bruce Vu MSFC/ED32 
Francisco Canabal MSFC/ED32 
The lifting body/linear aerospike is one of three configurations being studied 
for an SSTO vehicle. A preliminary aerodynamic database existed for then current 
lifting body configuration, however, this data base was developed without 
considering plume effects. A combined effort by the Computational Fluid Dynamics 
and Experimental Fluids Dynamics Branches was undertaken to determine first 
order effects of plume/external flow interactions on vehicle aerodynamics of this 
lifting body/linear aerospike configuration. Of interest were plume 
pumping/entrainment at low Mach numbers and plume induced separation of flow 
over the vehicle at higher altitudes. The CFD analysis included combinations of 
four Mach numbers, two angles of attack and four throttle settings. The majority of 
the CFD was two dimensional centerline analysis of the lifting body/aerospike. 
Incremental plume effects were derived by comparing the power-on, power-off, and 
throttled cases and were extrapolated to the preliminary aerodynamic database. 
The plume had little effect on the vehicle aerodynamics for supersonic 
freestream velocities. At subsonic freestream velocities, the plume affected the 
vehicle aerodynamics through both jet pumping/entrainment and the jet flap effect. 
National Aeronautics and 
Space Adrninistra tion 
Computational Fluid Dynamics Branch 
Fluid Dynamics Division 
Structures and Dynamics Laboratory 
George C. Marshall Space Flight Center 
Assessment of Lifting Body Linear Aerospi ke 
ume Effects on Vehic e Aerodynamics 
Presented to: 
Workshop for CFD Applications in Rocket Propulsion 
Marshall Space Flight Center 
MSFC, Alabama 
Mr. Joseph H. Ruf 
Mr. Bruce T. Vu 
Mr. Francisco Canabal 
Computational Fluid Dynamics Branch 
Mr. Alonzo L. Frost 
Experimental Fluid Dynamics Branch 
Marshall Space Flight Center 
April 27, 1995 


CONFIGURATION K-10 
Sref = 5,600 sq. ft. 
Swet = 13,100 sq. ft. 
Total Internal Volume = 67,000 cu. ft. 
Main Hyd. Tank Volume = 47,500 cu. ft. 
Fwd LOX Tank Volume = 5,200 cu. ft. 
Aft LOX Tank Volume = 1 2,700 cu. ft. 
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Plume effects on LB normal force coeff. @ alpha=O 
Mach 
Plume effects on LB pitching moment coeff. @ alpha=O 
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TPS Sizing for 
Access-to-Space Vehicles 
William Wenline, David Olynick and Grant Palmer 
NASA Ames Research Center, MS 230-2, 
Moffett Field, CA 94035-1000 
Y.-K. Chen 
Eloret Institute, MS 234-1, Moffett Field, CA 94035-1000 
A study was carried out to identify, develop, and benchmark simulation 
techniques needed for optimum TPS material selection and sizing for reusable 
launch vehicles. Fully viscous, chemically reacting, Navier-Stokes flow solu- 
tions over the Langley wing-body single stage to orbit (SSTO) configuration 
were generated and coupled with an in-depth conduction code. Results from 
the study provide detailed thermal protection system (TPS) heat shield ma- 
terials selection and thickness sizing for the wing-body SSTO. These results 
are the first ever achieved through the use of a complete, trajectory based 
hypersonic, Navier-S tokes solution database. TPS designs were obtained 
for both laminar and turbulent entry trajectories using the Access-to-Space 
baseline materials such as tailorable advanced blanket insulation (TABI). 
The TPS design effects (material selection and thicknesses) of coupling ma- 
terial characteristics to the aerothermal enviroment are illustrated. Finally, 
a sample validation case using the shuttle flight data base is included. --- -- 
For the laminar trajectory, the TPS areal mass density is 1.2 lbm/ft2, 
while the turbulent trajectory yields slightly less than 1.3 lbm/ft2. An addi- 
tional conclusion from this study is that the TABI blankets will have to be 
manufactured in thicknesses greater than 1.5-2.0 inches. Further, if typical 
turbulent flow conditions are found on these SSTO vehicles during re-entry, 
some of the baseline materials may experience significant over-temperatures. 








Surface TPS Tl~ickness (in.) 
Top Layer TPS Thickness (in.) for tlie LaKC Winged Body SSTO Vehicle (Total Heating T im,  6200 sec) 
(TURBULENT FLOW SOLUTION) 

Effect of TPS Material Properties on Surface Temperatures 
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COMPUTATIONAL ISSUES ASSOCIATED WITH 
TEMPORALLY DEFORMING GEOMETRIES 
SUCH AS THRUST VECTORING NOZZLES 
Kishore Boyalakuntla, Bharat K. Soni, Hugh J. Thornburg and 
Robert Yu 
NSP Engineering Research Center for 
Computational Field Simulation 
Mississippi State University 
Mississippi State, MS 39759 
COMPUTATIONAL ISSUES ASSOCIATED WITH TEMPORALLY 
DEFORMING GEOMETRIES SUCH AS THRUST VECTORING 
NOZZLES 
Kishore Boyalakuntla, Bharat K. Soni, Hugh J. Thornburg and 
Robert Yu 
NSF Engineering Research Center for 
Computational Field Simulation 
Mississippi State University 
Mississippi State, MS 39762 
ABSTRACT 
During the past decade Computational Simulation of fluid flow around complex configurations has progressed significantly and many 
notable successes have been reported, however unsteady time-dependent solutions are not easily obtainable. The present effort involues 
unsteady time dependent simulation of temporally deforming geometries. Grid generation for a complex configuration can be a time con- 
suming process and temporally varying geometries necessitate the regeneration of such a grid for every time step. Traditional grid genera- 
tion techniques have been tried and demonstrated to be inadequate to such simulations. NURBS based techniques provide a compact and 
accurate representation of the geometry. This definition can be coupled with a distribution mesh for a user defined spacing. The present 
method greatly reduces cpu requirements for time dependent remeshing, facilitating the simulation of more complex unsteady problems. 
A Thrust Vectoring Nozzle has been chosen to demonstrate the capability as it is of current interest in aerospace industry for better man- 
oeverability of fighter aircraft in close combat and in post stall regimes. This current effort is the first step towards multidisciplinary design 
optimization which involues coupling the aerodynamic heat transfer and structural anlysis techniques. Applications include simulation 
of temporally deforming bodies and areoelastic problems. 
A NURBS based volume grid generatior) technique is used for remeshing at each timestep. Remeshing is easily accomplished by varying 
the control points and time dependent motion is contained in the motion of the control points. Timestep controls the movement of control 
points, Great flexibility in geometric definition is achieved. The grid generation code is succesfully,coupled with UBIPLOW and INS3d 
which are compressible and incompressible flow solvers respectively. 
Various geometries such as converging diverging nozzle, duct and thrust vectoring nozzle have been simulated 
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HYBRID GRID TECHNIQUES FOR PROPULSION APPLICATIONS 
Roy P. Koornullil, Bharat K. Soni, and Hugh J. Thornburg 
NSF Engineering Research Center for 
Computational Field Simulation 
Mississippi State University 
Mississippi State, MS 39762 
ABSTRACT 
During the past decade computational simulation of fluid flow for propulsion applications has progressed significantly, and many notable successes 
have been reported in the literature. However, the generation of a high quality mesh for such problems has often been reported as a pacing item. Hence, 
much effort has been expended to speed this portion of the simulation process. Several approaches have evolved for grid generation. Two of the most 
common are structured multi-block, and un ased procedures. Structured grids tend to be computationally efficient, and high as 
cells necessary for efficiently resolvin Structured multi-block grids may or may not exhibit grid line continuity across the bloc 
face. This relaxation of the continuity constraint at the interface is intended to ease the grid generation process, which is still time consuming. Flow 
solvers supporting non-contiguous interfaces require specialized interpolation procedures which may not ensure conservation at the interface. Un- 
structured or generalized indexing data structures offer greater flexibility, but require explicit connectivity information and are not easy to generate 
0 
0 for three-dimensional configurations. In addition unstructured mesh based schemes tend to be less efficient and it is difficult to resolve viscous layers. 4 
Recently, hybrid or generalized element solution and grid generation techniques have been developed with the objective of combing the attractive 
features of both structured and unstructured techniques. In the present work recently developed procedures for hybrid grid generation and flow sirnula- 
tion are critically evaluated, and compared to existing structured and unstructured procedures in terms of accuracy and computational requirements. 
1 
In the present grid genekition procedure multi-body configurations are decomposed into a number of simple geometric entities. A structured grid gener- 
ator is first employed to construct a high quality grid around the body with appropriate packing. One grid must be designated as a main grid and enclose 
the solid surfaces of all other component grids. Upon completion these structured grids are converted to the hybrid grid data structure format. Based 
upon an input normal distance from the surface, holes are cut in the main grid for each component grid. Overlapping and hole cells are deleted from 
the hybrid grid data structure. Delaunay triangulation is then used to construct cells to fill the void between the cut main grid and the truncated compo- 
nent grid. Upon completion of this procedure the hybrid grid is written in a format useable by the flow solver. 
The non-dimensionalized Euler equations in integral form provide the mathematical formulation for this scheme. The discretized flow domain is repre- 
sented by a set of non overlapping polygons and the cell averaged variables are stored at each cell center. Each individual cell is treated as its own 
control volume. The numerical flux at the cell edge is calculated using Roe's approximate Riemann solver. An assumed linear distribution in each 
cell is employed to reconstruct the edge values, which results in a second order discretization. The flux limiting procedure of Barth is used to suppress 
spurious oscillations near discontinuities. An implicit pseudo-time integration procedure using the Generalized Minimum RESidual (GMES)  met 
od for solving the sparse matrix system is employed. The results has been varified with the standard benchmark results. 
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A Structured Grid Based Solution-adaptive Technique for Complex Separated 
Flows i . - )  r, - 
I, 
Hugh Thornburg, Bharat K. Soni, Boyalakuntla Kishore, and Robert Uu 
NSF Engineering Research Center for 
Computational Field Simulation 
Mississippi State University 
Mississippi State, MS 39762 
ABSTRACT 
The objective of this work has been to enhance the predictive capability of widely used CFD codes 
through the use of solution adaptive gridding. Most problems of engineering interest involve multi- 
block grids and widely disparate length scales. Hence, it is desirable that the adaptive grid feature 
detection algorithm be developed to recognize flow structures of different type as well as differing 
intensity, and adequately address scaling and normalization across blocks. In order to study the ac- 
curacy and efficiency improvements due to the grid adaptation, it is necessary to quantify grid size 
and distribution requirements as well as computational times of non-adapted solutions. Flowfields 
about launch vehicles of practical interest often involve supersonic freestream conditions at angle 
of attack exhibiting large scale separated vortical flow, vortex-vortex and vortex-surface interac- 
tions, separated shear layers and multiple shocks of different intensity. In this work a weight func- 
tion and an associated mesh redistribution procedure is presented which detects and resolves these 
features without user intervention. Particular emphasis has been placed upon accurate resolution 
of expansion regions and boundary layers. 
Flow past a wedge at Mach = 2.0 is used to illustrate the enhanced detection capabilities of this newly 
developed weight function. Figure 1 presents weight functions evaluated using the previous proce- 
dure, lower half plane, as well as the current procedure, upper half plane. 
W G H T  WITWWITHOUT BOOLEAN 
ADAPTED GRID W T ~ H O U T  (BOOLEAN) 
(so.so.5) 
Figure 1. Comparison of Weight Functions. Figure 2. Comparison of Adapted Grids. 
It can be observed that both weight functions clearly detected the primary shock. It can also be seen 
1037 
that the expansion fan, boundary layer, and the reflected shocks are much more clearly represented 
in the current weight function. Adapted grids using both weight function formulations are presented 
in Fig. 2. The high gradient regions of the expansion region are only reflected in the adapted grid 
using the new weight function. The reflected shock is also much sharper. Figure 3 compares the 
solution obtained using the current adaption procedure with that obtained using the original grid. 
The enhanced resolution is clearly evident. 
rIESSURE 
a m  &ULI a m  mu uu 
Figure 3. Comparison of Solutions Using Adapted Grid. 
Supersonic flow at Mach=1.45 and 14 degree angle of attack has been simulated around a tangent- 
ogive cylinder. The grid and associated flow solution constructed after two adaption cycles using 
hybrid differencing of the grid equations and the current weight functions is presented is presented 
in Figure 4. 
Figure 4. Adapted grid after two cycles. Figure 5. Adapted grid after two cycles. 
Figure 5 presents the grid constructed using the previous weight function and the same flow condi- 
tions and number of adaptation cycles. Figures 5 and 6 present strearnwise cuts of the two grids 
shown in Figs 4 and 5 at X/D = 5.5 and 7.5 respectively 
Figure 6. X/D = 5.5 Figure 7. X/D = 8.5. 
Figure 8 present the flow solution obtained using the NPARC [NASA 19931 flow solver, the 
turbulence model option and two adaptation cycles. Figure 9 presents the associated weight func- 
tion. 
Figure 8 Normalized Stagnation Pressure. Figure 9. Weight Function. 
Examples will presented to demonstrate the capability for solution-adaptive regridding of multi- 
block launch vehicle simulations. 
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OBJECTIVES 
Improved resolution of complex flows through the use of solu- 
tion adaptive gridding 
1. Develop a weight function suitable for use with a solution adaptive 
grid redistribution procedure for complex flows, including viscous 
dominated separation. 
2. Minimum user inputs. 
3. Appropriate feature detection for a wide range of flow features (Vorti- 
cies, Shear layers, Shocks). 
4. Robust redistribution procedure for use with weight function. 
GOVERNING EQUATIONS FOR GRID MOVEMENT 
1. Inverted form: 
Where: 
- 
rig : Position vector, dj : Contravariant metric tensor, 
Ei : Curvilinear coordinate, and 
Pk : Control Function. 
2. Control of distribution and characteristics of grid system can be 
achieved by varying control Functions Pk. 
a;, 
L 
a;, 

CHARACTER STICS OF WEIGHT 
FUNCT 
Weight functions approximately equidistributed 
over solution domain. 
Determine grid spacing and characteristics. 
Approximation to local truncation error. 
@ Use lower order derivatives to approximate high order trunca- 
tion error terms. 
@ Detect structures of disparate strength. 
@ Minimum variation of coefficients. 
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ADAPTIVE GRID PROCEDURE 
1. Read PLOT3D grid and solution files. 
2. Evaluate weight function, 
(no input parameters). 
3.Evaluate and smooth Pk. 
4. Integrate grid. 
5. Interpolate Pk onto current adapted grid. 
6. Repeat steps 4 and 5 until convergence. 
7. Ouput adapted grid. 
SOLUTION OF GRID EQUATIONS 
1. Solution difficulties transferred form flow equations to 
grid equations. 
2.Accuracy not as important for postulated law. 
3. Adaptive CentralIUpwind differencing scheme, based 
upon forcing function gradients. 
4. Integrated in time using CSIP. 
5.  Non-linear terms are quasi-linearized. 
6. Explicit boundary point movement. 
7. Precise geometry definition is critical. 


BOUNDARY PO NT MOVEMENT 
1. Very important. 
@ Orthogonality. 
@ Skewness. 
2. Non Unifo Rational B-Spline (NURB S) 
representaion of arbitrary surface(Yu). 
3. B oundary surface redistribution based on 
specified region of surface. 
@ Explicit. 
@ Local iteration for desired distribution. 
@ Can be used to keep sharp corners, and to transfer information 
between blocks. 
WUGHT WITH/WLTHOUT BOOLEAN 
Figure 1. Comparison of Weight Functions. 
ADAPTED GRLD WtTWWlTHOUT (BOOLEAN) 
(80.50.5) 
Figure 2. Comparison of Adapted Grids. 










SUMMARY 
1. Developed Weight function which requires no 
user input. 
2. Implemented adaptive upwindlcentral 
difference scheme. 
3. Demonstrated enhanced grid resolution. 
@ Thinner shocks. 
@ Stronger circular vorticies . 
@ Lower values of artificial dissipation may be used. 
@ Larger time steps may be used. 
@ Improved convergence behaviour. 
@ More closely resembles experimental data. 
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GENIE++ - A Multi-Block Structured Grid System 
Tonya Williams, Naren Nadenthiran, Hugh Thornburg, and Bharat K. Soni 
NSF Engineering Research Center for 
Computational Field Simulation 
Mississippi State University 
Mississippi State, MS 39762 
ABSTRACT 
The computer code GENIE* (Soni et al. 1992) is a continuously evolving grid system containing 
a multitude of proven geometrylgrid techniques. The generation process in G E W  is based on 
an earlier version. The process uses several techniques either separately or in combination to qtiickly 
and economically generate sculptured geometry descriptions and grids for arbitrary geometries. The 
computational mesh is formed by using an appropriate algebraic method. Grid clustering is accom- 
plis hed with either exponential or hyperbolic tangent routines which allow the user to specify a de- 
sired point distribution. Grid smoothing can be accomplished by using an elliptic solver with proper 
forcing functions, B-spline and Non-Uniform Rational B-splines (NURBS) algorithms are used 
for surface definition and redistribution. The built-in sculptured geometry definition with desired 
distribution of points, automatic Bezier curve/surface generation .for interior boundaries/s@aces, 
and surface re-distribu tion is based on NURBS . Weighted Lagrange/Hermite transfinite interpola- 
tibn methods, interactive geometrylgrid manipulation modules, and on-line graphical visualization 
of the generation process are salient features of this system, which result in a s i w i c a n t  time savings 
for a given geometrylgrid application. 
The development of the system, as well as computational examples of paactical interest will be pres- 
ented to demonstrate the success of these methodologies. Complete documentation is available us- 
ing Mosaic. Versions are available for PC's, X window, and SGI systems. It is planned to place this 
code in the public domain by August 1995. 
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Surface and Volume grid generation 
in parametric form 
by 
Tzuyi Yu, Bharat K. Soni 
NSFtERC For Computational Field Simulation 
Mississippi State University, MS39762 
Ted Benjamin, Robert Williams 
Marshall Space Flight Center, AL 35812 
ABSTRACT 
The algorithms for surface modeling and volume grid generation using parametric NURBS geometric 
representation are presented. The enhanced re-parameterization algorithm which can yield a desired 
physical distribution on the curve, surface and volume is also presented. This approach bridges the gap 
between CAD surface / volume definition and surface / volume grid generation. 
INTRODUCTION 
Surface grid generation is the most labor intensive part of the overall complex three dimensional 
grid generation process. Also, a significant amount of effort is required in changing the resolutions (grid 
sizes) and / or the distribution of the grid while maintaining geometry fidelity. In the last few years, vari- 
ous researchers have concentrated on utilizing the Computer Aided Geometry Design (CAGD) techniques 
to expedite the overall surface generation process. In this presentation, a parametric formula which has 
been used in CAD system is extended with re-parameterization approach to numerical grid generation for 
modeling the surface as well as the volume grid. 
There are many parametric approaches for representing sculptured geometry, such as rational or 
non-rational Bezier, cubic splines, rational or non-rational B-spines, ... ,etc. Among these representation, 
the Non-Uniform Rational B-Splines (NURBS) has been widely accepted among these researchers. 
NURBS has been widely utilized to represent and design geometry in the CADICAM and the graphics 
community due to its powerful features, such as the local control property, variation diminishing, convex 
hull and affine invariance [Ref 1,2]. Also the geometry tool kits, such as curve/surface interpolation, data 
reduction, degree elevation, knot insertion and splitting, are well-developed [Ref 1,2,]. These properties 
have made NURBS representation very popular in recent developments in CADICAM. However, the dis- 
tribution requirements in CFD application are much complicated than those in CAD system. I-Ience, the 
NURBS must be cooperated with re-parameterization algorithm so that it can be more useful in grid gen- 
eration. Computational examples associated with practical configurations are shown in Figure 1 and 2. 
The re-parameterization approach described in many research [Ref 2,3] is implemented by iteration pro- 
cess, which needs a lot of computation time. The more efficient and robust approach presented here needs 
only one interpolation process. 
The development of the software based on NURBS representation package: CAGI (Computer 
Aided Grid Interface) was initiated by authors under the sponsorship of NASA Marshall Space Flight 
Center. The purpose of this presentation is to present the progress realized in enhancing the NURBS 
based curve / surface grid generation techniques into a 3D volume grid generation technique. To this end, 
various options for generating 3D volume geometry-grid are discussed. A reparameterization scheme 
has been developed to achieve desired distribution in physical space. Computational examples for model- 
ing practical configurations have been exercised using the volume options and the reparameterization 
scheme. 
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Figure 1 : Propulsional example. 
3D NURBS control patches model 
the missile (with fins) geometry. 
Figure 2: 
3D NURBS control patches model 
the single rotation propfan. 
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Overview of CFD Analyses Supporting the Reusable Solid R.ocket i 
Motor (RSRM) Program at MSFC 
E. Stewart, P. McConnaughey, J. Lin, E. Reske, and D. Doran, NASA/MSFC, I?. H. 
Whitesides, ERC, Inc., Huntsville, AL, and Y.-S. Chen ESI, Huntsville, AL 
During the past year, various CFD analyses were performed at MSFC to 
support the RSRM program. The successful completion of these analyses 
was realized throt~gh tlie cooperation of -ESI, ERC, and The Computational 
Fluid Dynamics Branch (ED32) at MSFG-and involved application of the CFD 
codes FDNS and CELMINT. The topics addressed by the analyses were; 1. 
tlie design and prediction of slag accumulation within the five inch test 
motor, 2. prediction of slag pool behavior and its response to late]-a1 
accelerations, 3. tlie clogging of potential insulation debonds within the 
nozzle by slag accumulation, 4. the behavior of jets within small voids 
inside nozzle joint gaps, 5 .  the effect of increased inhibitor stiffness on 
motor acoustics, a n d  6. the effect of a nozzle defect on particle 
impinge~nent enhanced esosion. 
some detail by other- spez 
here fol- the sake of corn1 n 
will be to further discuss the work involved in topics 3, 4,  and 6. 
Eric Stewart 




Computa~onal Fluid Qnamics Branch 
Fluid Dynamics Division 
Structmes and warnics Laboratory 
George C. Marshall Space Flight Center 
Results Problem 1, debond vent to ambient 
0.05 sec. 
0.02 sec. 
0.006 sec. 
Results Problem 2, start-up transient through debond 
- clogging of debond predicted in 0.61 sec. after initiation of particle 
flow 
- lower mass flow rate (4X less) due to cavity fill results in fewer 
particles to condense on pore wall 
RSRM CFD Ana ComputationaI Fluid Dynamics Branch Fluid Dynamics Division 
National Aeronautics and at MSFC Structures and Dynamics Laboratory Space Administration George C. Marshall Space Flight Center 
Toint Gap Clogging Prediction 
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National Aeronautics and 
Space Administration 
RSRM CFD Analyses 
at MSFC 
Computational Fluid Dynamics Brar 
Fluid Dynamics Division 
Structures and Dynamics Laboratoq 
George C. Marshall Space Flight Cer, 
Velocity Magnitudes 
:enter Line Velocity Profile 
Through Corner A 
- Inlet Profile I ---  - o-nn~ - - --- P!gje I 
Z Location (inches)lSquare Corners Case 
Average Velocity Magnitudes 
RSRM CFD Ana Computalional Fluid Dynadcs Branch Fluid Dynamics Division 
at MSFC Seucmres and Dynamics Laboratory National Aeronautics and George C. Marshall Space Night Center 
Issues Enhancement of nozzle erosion due to presence of defect 
Effect of defect on slag particle impingement 
Approach @ Assume wedge shaped nozzle defect 
Use two-phase flow results to assess flow environment 
P 
P 
near defect 
0\ 
A Use current data/experience base to assess potential flow 
deviations 
Results Size of defect relative to local boundary layer is not sufficient 
to significantly alter flow external to boundary layer 
Main source of particle impingement is external to boundary 
layer 
Erosion enhancement due to particle impingement is not 
significantly altered by presence of defect 
Impact Recommend nozzle in question for flight 
RSRM CFD Ana Computational Fluid Dynamics Branch Fluid Dynamics Division 
National Aeronautics and at MSFC Structures and Dynamics Laboratory Space Administration George C. Marshall Space Flight Center 
Geometry of Nozzle Nose Region 



RSRM Chamber Pressure Oscillations: 
Transit Time Models and Unsteady CFD 
Tom Nesman and Eric Stewart 
Fluid Dynamics Division 
National Aeronautics and Space Administration, MSFC 
Marshall Space Flight Center, AL 358 12 
Abstract 
Space Shuttle solid rocket motor (SRM) low frequency internal pressure oscillations have been 
observed since early testing. The same type of oscillations are also present in the redesigned solid 
rocket motor (RSRM). The oscillations, which occur during RSRM burn, are predominantly at the 
first three motor cavity longitudinal acoustic mode frequencies. Broadband flow and combustion 
noise provide the energy to excite these modes at low levels throughout motor burn, however, at 
certain times during burn the fluctuating pressure amplitude increases significantly. The increased 
fluctuations at these times suggests an additional excitation mechanism. 
The RSRM has inhibitors on the propellant forward facing surface of each motor segment. The 
inhibitors are in a slot at the segment field joints to prevent burning at that surface. The aft facing 
segment surface at a field joint slot burns and forms a cavity of time varying size. Initially the 
inhibitor is recessed in the field joint cavity. As propellant burns away the inhibitor begins to 
protrude into the bore flow. Two mechanisms (transit time models) that are considered potential 
pressure oscillation excitations are cavity edge-tones, and inhibitor hole-tones. Estimates of 
frequency variation with time of longitudinal acoustic modes, cavity edge-tones, and hole-tones 
compare favorably with frequencies measured during motor hot firing. It is believed that the 
highest oscillation amplitudes occur when vortex shedding frequencies coincide with motor 
longitudinal acoustic modes. 
A time accurate CFD analysis was made to replicate the observations from motor firings and to 
observe the transit time mechanisms in detail. FDNS is the flow solver used to detail the time 
varying aspects of the flow. The fluid is approximated as a single-phase ideal gas. The CFD 
model was an axisyrnmetric representation of the RSRM at 80 seconds into burn. Deformation of 
the inhibitors by the internal flow was determined through an iterative structural and CFD analysis. 
The analysis domain ended just upstream of the nozzle throat. This is an acoustic boundary 
condition that caused the motor to behave as an closed-open organ pipe. This differs from the 
RSRM which behaves like a closed-closed organ pipe. 
The unsteady CFD solution shows RSRM chamber pressure oscillations predominantly at the 
longitudinal acoustic mode frequencies of a closed-open organ pipe. Vortex shedding in the joint 
cavities and at the inhibitors contribute disturbances to the flow at the second longitudinal acoustic 
mode frequency. Further studies are planned using an analysis domain that extends downstream of 
the nozzle throat. 
George C. Marshall Space Flight Center 
Fluid Dynamics Division 
RS - Chamber Pressure Osci 
Time Mode s and Uns eady CFD 
Cd +
Workshop for CFD Applications in Rocket Propulsion and Launch 
4 
a Vehicle Technology 
Tom Nesman and Eric Stewart 
Fluid Dynamics Division - NASA - MSFC 
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Head-end Chamber Pressure (PC) Measurement 
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Cavity Edge-Tone Mechanism ,' 
Acoustic wavy/ 
U / /  / / /  / ,, d Downstream 
/ / / , J impingement 
I I /  ,, 
Feedback nansit Time ModePs 
Empirical estimates - time for disturbance to 
travel downstream plus time for feedback to 
sensitive region 
Analytical estimates - sum of phase of 
downstream traveling wave and phase of 
upstream traveling acoustic wave 
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Q\ Oscillating shear layer 
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Unsteady CPD Timeplot George C. Marshall Space Flight Center Fluid Dynamics Division 
Fluctuating Pressure Domstream of Inhibitor Tip 
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Background 
In October, 1994, Thiokol reported the use of NBR material in RSRM's with properties 
significantly different from the historical database. 
A 30% to 40% increase in modulus was reported. 
This increased stiffness had the potential to affect the amplitude of chamber pressure 
oscillations in the SRM: 
--By changing the inhibitor structural response 
--By indirectly changing the flow/acoustic interaction 
The slag accumulation in the field joints and submerged nozzle region might also be 
increased thereby increasing the potential for pressure and thrust perturbations. 
Objectives of Coupled CFDlFEM and Two-Phase CFD Analyses 
Determine deformed geometry of NBR inhibitors at the forward, center and aft joints for 
both nominal and stiff NBR materials using a coupled CFDIFEM analysis. 
Determine effect of inhibitor propertieslgeometry on inhibitor hole velocities to evaluate 
effect on hole edge tone (vortex shedding) frequencies. 
Determine effect of inhibitor propertieslgeometry on slag accumulation on both the 
inhibitor surfaces and underneath the nozzle nose. 
ERG, Inc. 
Coupled CFDlFEM Analysis Approach 
1) Perform single-phase gas CFD analysis of entire RSRM port at 80 second burn time 
using straight inhibitor lengths from erosion analysis. 
2) Perform FEM structural analysis on inhibitors to determine deformations using surface 
pressure distributions from CFD analysis. 
3) Perform CFD analysis using deformed inhibitor geometries from step 2). 
1.) Repeat steps 2) and 3) until convergence of inhibitor geometry is achieved. 
5) Provide velocity profile at each inhibitor location for both nominal and stiff inhibitors as 
input to flow/acoustic interaction analysis. 
ERC, Inc. 
Two-Phase Flsw CFD Methodology 
CELMIMT Code 
(Combined Eulerian Lagrangian Multi-Dimensional implicit Nonlinear Time-Dependent) 
Navier-Stokes Solution 
- Fully implicit, density-based, conservative, ensemble-averaged Navier-Stokes code 
- Low and high Reynolds number and wall injection r-E models 
- Equilibrium and finite-rate chemistry for multi-species flows 
Two-phase Flow Models 
- Coupled Eulerian-Lagrangian for solid and liquid phases 
- Hermsen aluminum burn rate model for particle combustion 
- Specification of particle properties (density, size distribution) 
- Particle break-up based on Weber number 
- Agglomeration based on collisions between discrete phase particles and continuous 
phase smoke particles 
- Programmable for various particle capture criteria 
ERC, Inc. 
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Two-Phase CFD Analysis Approach 
Perform two-phase CFD analysis of RSRM port at 80 second burn time using final 
deformed inhibitor geometries for both nominal and stiff inhibitors. 
Calculate slag captured on both nominal and stiff inhibitors at all three field joints. 
Perform trajectory analysis for slag debris shed from inhibitor tips for all above cases t 
determine whether it passes through nozzle or accumulates underneath nozzle nose. 




Two-Phase CFD Analysis Conclusions 
The rate of slag accumulation for both the nominal and stiff inhibitors at all joints is a ve 
small percentage of the total motor slag accumulation rate. 
The rate of slag accumulation on the center inhibitor is approximately four times greate 
for the stiff NBR compared to the nominal NBR. 
Slag debris shed from the nominal inhibitors at all three joints exits the nozzle throa 
plane. 
Slag debris shed from the stiff inhibitors at the forward and center joints exits the nozzle 
throat plane. Slag from the aft joint stiff inhibitor impacts the nozzle entrance ramp. 
ERC. Inc. 
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Applicat ion o f  Two-Phase CFD t o  the Design and Analysis of a Suh 
Motor  Experiment t o  Evaluate Propellant Slag Production 
R. Harold Whitesides and  Richard A. Dill 
ERC, Incorporated, Huntsville, AL 35816 
The RSRM Pressure Perturbation Investigation Team concluded that the cause of recent 
pressure spikes during both static and flight motor burns was the expulsion of molten 
aluminum oxide slag from a pool which collects in the aft end of the motor around the 
submerged nozzle nose during the last half of motor operation. It is suspected that some 
motors produce more slag than others due to differences in aluminum oxide agglomerate 
particle sizes which may relate to subtle differences in propellant ingredient 
characteristics such as particle size distributions, contaminants, or processing variations. 
In order to determine the effect of suspect propellant ingredient characteristics on the 
propensity for slag production in a real motor environment, a subscale motor experiment 
was designed to accomplish this objective. An existing 5 inch ballistic test mator was 
selected as the basic test vehicle due to low cost and quick turn around times. The 
standard convergingldiverging nozzle was replaced with a submerged nozzle nose 
design to provide a positive trap for the slag which would increase both the quantity and 
repeatability of measured slag weights. CFD was used to assess a variety of submerged 
nose configurations to identify the design which possessed the best capability to reliably 
collect slag. CFD was also used to assure that the final selected nozzle design would 
result in flow field characteristics such as dividing streamline location, nose attach point, 
and separated flow structure which would have similitude with the RSRM submerged 
nozzle nose flow field. It was also decided to spin the 5 inch motor about its longitudinal 
axis to further enhance slag collection quantities. Again, CFD was used to select an 
appropriate spin rate along with other considerations, including the avoidance of burn 
rate enhancement from radial acceleration effects. 
The CFD analyses were performed with the CELMINT code which is a two-phase 
Navier-Stokes coded employing an EulerianILagrangian scheme, a low Reynolds 
number K-E turbulence model modified for wall injection, and both surface and distributed 
particle combustion models which include particle agglomeration and break-up. 
Aluminum oxide particle distributions were measured with RSRM propellant in a 
combustion bomb with particle quench capability. Predictions for slag weights and slag 
distribution patterns were compared with slag weight data from defined zones in the 
motor and nozzle. Various parameters were investigated to reconcile differences 
between CFD predictions and data. General comparisons were acceptable considering 
combustion bomb data on particle sizes was not e for each propellant sample. 
Confidence in using this methodology in the RS enhanced by this suc~essful 
subscale experiment. 
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Background 
Flight and static test data for the Space Shuttle Reusable Solid Rocket Motors reveals 
roughness and small spikes in the pressure trace for some motors during the 65-75 
second time period. 
An extensive investigation has determined that periodic expulsion of aluminum oxide slag 
is the cause of pressure perturbations. 
Excessive slag production by some motors is suspected as making these motors mor 
susceptible to slag expulsion. 
Excessive slag production is related to propellant ingredient characteristics including bu 
not limited to aluminum and ammonium perchlorate particle size distributions. 
A low cost, quick turn-around experimental method was needed to evaluate effects o 
subtle changes in propellant ingredient characteristics on the propensity for slag 
Experimental Program Objective and Approach 
Develop and employ a subscale rocket test motor capable of measuring relative slag 
production of propellants with subtle changes in ingredient characteristics. 
Use an existing Thiokol &inch diameter ballistic test motor and static test spin stand. 
Modify existing convergingldiverging nozzle entrance geometry by incorporating 
submerged nose to enhance slag capture and retention. 
Select motor operating pressure to match full scale motor pressure. Select spin rate to 
enhance slag capture but avoid propellant burn rate augmentation. 
Use CFD to determine overall viability of experiment, to aid in design of moto 
components, to support selection of test conditions, and to analyze test results. 













Spin Motor Operation Conditions 
15% Web 50% Web 85% Web 
Chamber Pressure: 61 0.6 psia 628.8 psia 610.6 psia 
Mass Flow Rate: 2.61 3 Ibmls 2.691 Ibmls 2.613 Ibmls 
Propellant Burning Area: 11 5.47 in2 1 14.67 in2 112.35 in2 
Throat Diameter: 
Burn Time: 
.916 inches 
2.71 seconds 
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Numericall Investigation of Slag Behavior for R S W  
P. Liaw ,Y-S Chen, H. Shang, amd M. Shih 
Engineering Sciences, Inc., Huntsville, AL 
and 
D. Doran and E. Stewart 
NASA MSFC, Huntsville, AL 
It is known that the flowfield of th complicated due to the 
complex characteristics of turbulent multi-ph combustion, evaporatron, 
breakup and agglomeration etc. It requires multi-phase calculations, chemical reaction simulation, and partrcle 
combustion, evaporation, and breakup models to obtain a better understanding of thermophysics for the SRM 
design using numerical methods. Also, the slag buildup due to the molten particles is another factor affectmg 
the performance of the kRM. Thus, a more realistic simulation is needed to provide a better design guide to 
improve the performance of SRM. To achieve this goal, the VOF (Volume Of Fluid) method is used to 
capture the free surface motion so as to simulate the accumulation of the molten particles (slag) of SRM A 
Finite-rate chemistry model is used to simulate the chemical reaction effects. For multi-phase calculations, 
Hermsen combustion model is used for the AL particle combustion analysis and Taylor ha logy  Breakup 
(TAB) model is used for the particle breakup analysis. An interphase mass-exchange model introduced by 
Spaldmg is used for the evaporation calculation. The particle trajectories are calculated using a one-step 
implicit method for several groups of particle sizes by which the drag forces and heat fluxes are then coupled 
with the gas phase equations. 
The preliminary results predicted a reasonable physical simulation of the particle effects using a 
simple 2-D solid rocket motor configuration. It shows that the ALlAL203 particle sizes are reduced due to 
the combustion, evaporation, and breakup. The flowfield is disturbed by the particles. Mach number 
distributions in the nozzle are deformed due to the effect of particle concentrations away from the center line. 
The RSRM (Redesigned Solid Rocket Motor) geometry at 67 seconds 
slag behavior in the aft-end cavity with the combustion, evaporation, and breakup models. The particulate 
phase was assumed to be aluminum oxide (AL203) for the preliminary study. It is assumed that the 
propellant grain of the aft-end cavity has burned out completely at 67 seconds. The geometry and mass flow 
rate information were provided by the NASA Marshall Space Flight Center. The slag may flow out of the 
cavity and enter the nozzle due to the accelerations. The molten particles entering the aft-end cavity merge 
with the slag. The volume of the slag will grow and affect the performance of the R S M .  This shows that the 
effects of particles and slag on the flowfield are very significant. From the caculation, a flow vortex exists m 
the aft-end cavity of the RSRM. A stagnation point on the wall is captured. This flow impingement may 
cause the erosion of the wall. The shape of the vortex is changed due to the slag. The partncles entering the 
cavity may become slag and either flow into or out of the cavity depending on the temperature and the surface 
tension of the molten particles. An axial gravity force of 2.4g is assumed to simulate the R S M  flovvfield at 
67 seconds. 
The flowfield analysis using the FDNS code in the present research using the proposed models should 
provide a design guide for the solid rocket motors. The obtained results can give the designer a basic guide 
line for the use of materials and the nozzle geometry to improve the performance of S M s .  
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VOF Model 
The VOF transport equation is given below: 
where a = 1 stands for liquid and a = 0 is for gas. 
The interface is located at 1 > a > 0. For a given 
solution of a field, equation can be recast as: 
for compressible gas: 
for incompressible gas: 
34 
U - U g  
84 
-- Pm z+P, 1 a.  - S , ,  a 2 0.0 
I 
and 
The interface a solution compression procedure is 
expressed as: 
1,0.5 + f a,, - 0.5 
and 
Interface volum 
J Interface volume initial 
The surface tension forces in the continuum 
surface force model is fo ulated as continuous 
body forces across the interface. These forces can 
be written as: 
F, = - o V n  a , ,  for  3 0  c a s e o n l y  
A )  
w h e r e  
= s u r f a c e  t ens ion  c o n s t a n t  
a is 0.5 for the free surface. The VOF method is 
used to represent the tracking of the free surface 
between the liquid and gas phase. 

2D Grid system of R S M  co~guration. 
Mach number contours of RSRM, no particles. 
lor 
Velocity vectors near the aft-end cavity, no particles. 


(5) t=L.9!58!3 see. ( 6 )  e4- sac* 







Combustion Processes in Hybrid Rocket Engines 
S. Ve~lkateswaran and C. L. Merkle 
Propulsion Engineering Research Center 
The Department of Mechanical Engineering 
The Pe~lnsylva~lia State U~liversity 
University Park, PA 16802. 
In recent years, there has been a resurgence of interest in the development of 
hybrid rocket engines for advanced launch vehicle applications. Hybrid propulsion 
systems use a solid fuel such as hyclroxyl-terminated polybutaciie~le. (HTPB) along 
with a gaseous/liquid oxidizer. The perfomance of hybrid cornbustors depend on the 
c,onvective and radiative heat fluxes to the fuel surface, the rate of pyrolysis in the solid- 
phase and the turbulent combustion processes in the gaseous-phase. These processes in 
c.o~nbillation specify the regression rates of the fuel surface and thereby the utilization 
efficiency of the fuel. In this paper, we employ computational fluid dynamic techniques 
in order to gain a quantitative understanding of the physical trends i11 hybrid rocltet 
combus tors. 
The co~nputational modeling is tailored to ongoing experiments.at Pen11 State that 
employ a 2D slab-burner configuration. The co-ordinated c.omputational/experimental 
effort enables model validation while providing an understanding of the experimental 
observations. Cornput ations to clat e have included the full-le~lgt h geo~netry with and 
without the aft-nozzle section as well as shorter-length domains for extensive parametric 
characterizatio11. HTPB is used as the fuel with 1,3 butadiene bei~lg take11 as the 
gaseous product of the pyrolysis. Pure gaseous oxygen is taken as tile oxidizer. The 
fuel regression rate is specified using an Arrhenius rate reaction, while the fuel surface 
temperature is given by an energy balance involvi~lg gas-phase c.onvec,tioll anci radiation 
as well as thermal conductio~l i11 the solid-phase. For the gas-phase combustion, a two- 
step global reaction set is used. The standard k - E nloclel is used for turbulence closnre. 
Radiation is preserltly treated using a simple diffusion approxirnatio~l which is valid for 
large optical path lengths, representative of radiation from soot particles. 
Computational results are obtai~led to determine the trends in the fuel burning 
or regression rates as a function of the head-encl oxidizer mass flux, G = p,U,, and 
the cha~nber pressure. Furthermore, computations of the full slab-burner configuration 
have also been obtained for various stages of the burn. Co~npariso~ls with available 
experimental data from small-scale tests co1lc1ucte.d by General Dy~la~~~ics-Thiokol- 
Rocketdyne suggest reaso~lable agreement in the predicted regressio~l rates. Future work 
will include: (1) a model for soot generation in the flame for more quantitative radiative 
transfer modeling, (2) parametric study of combustion efficiency and (3) tra~lsiellt 
calculatiolls to help (letermine the possible mechanisms responsible for co~llbustion 
instability in hybrid rocket motors. 
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CFD ANALYSIS OF THE 24-INCH JIRAD HYBRID ROCKET MOTOR 
Pak-Yan Liang, Ronald Ungewitter, Scott Claflin 
CFD Technology Center 
Rocketdyne Division, Rockwell International 
Mail Code IB39, 6633 Canoga Avenue 
Canoga Park, CA 91 303 
ABSTRACT 
A series of multispecies, multiphase CFD analyses of the 24-inch diameter joint 
government/industry IR&D (JIRAD) hybrid rocket motor is described. The 24-inch 
JIRAD hybrid motor operates by injection of liquid oxygen (LOX) into a vaporization 
plenum chamber upstream of ports in the hydroxyl-terminated polybutadiene (HTPB) 
solid fuel. Injector spray pattern had a strong influence on combustion stability of the 
JIRAD motor so a CFD study was initiated to define the injector-end flow field under 
different oxidizer spray patterns and operating conditions. By using CFD to gain a 
clear picture of the flow field and temperature distribution within the JIRAD motor, it is 
hoped that the fundamental mechanisms of hybrid combustion- instability may be 
identified and then suppressed by simple alterations to the oxidizer injection 
parameters such as injection angle and velocity. 
The simulations in this study were carried out using the GALACSV (General 
ALgorithm for Analysis of Combustion Systems) multiphase combustion codes. 
GALACSY consists of a comprehensive set of droplet dynamic submodels 
(atomization, evaporation, etc.) and a computationally efficient hydrocarbon chemistry 
package built around a robust Navier-Stokes solver optimized for low Mach number 
flows. Lagrangian tracking of dispersed particles describes a closely coupled spray 
phase. 
The CFD cases described in this paper represent various levels of simp%ifica"ron 
of the problem. They include: (A) gaseous oxygen with noncombusting fuel vapor 
blowing off the walls at various oxidizer injection angles and velocities, (B) gaseous 
oxygen with combusting fuel vapor blowing off the walls, and (C) liquid oxygen with 
combusting fuel vapor blowing off the walls. The study used an axisymmetric model 
and the results indicate that the injector design significantly effects the flow field in the 
injector-end of the motor. Markedly different recirculation patterns are observed in the 
vaporization chamber as oxygen velocity and/or spray pattern is varied. The ability of 
these recirculation patterns to stabilize the diffusion flame above the surface of the 
solid fuel gives a plausible explanation for the experimentally determined combustion 
stability characteristics of the JlRAD motor, and sugge 
be assured by modifications to the injector design. 
submodels which allow for additional degree of realis 
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